HOXB9 is a homeobox domain-containing transcription factor, playing an important role in embryonic development and cancer progression. However, the precise post-translational modifications (PTMs) of HOXB9 and the corresponding roles are unclear. Here, we report that acetyltransferase p300/CBPassociated factor (PCAF) interacts with and acetylates HOXB9 both in vivo and in vitro. Conversely, the acetylation of HOXB9 can be reversed by deacetylase SIRT1. Furthermore, we found that HOXB9 is acetylated at lysine 27 (AcK27). Functionally, in contrast to the wild type HOXB9, AcK27-HOXB9 decreased its capacity in promoting lung cancer cell migration and tumor growth in mice. Mechanistically, AcK27-HOXB9 suppresses the transcription of its target gene Jumonji domain-containing protein 6 (JMJD6) by direct occupying the promoter of JMJD6 gene. For clinical relevance, elevated HOXB9 acetylation at K27 predicts a better prognosis in lung adenocarcinoma patients. Taken together, we identified the first PTM of HOXB9 by demonstrating that HOXB9 can be acetylated and AcK27-HOXB9 counteracts the role of the wild-type HOXB9 in regulating lung adenocarcinoma progression.
INTRODUCTION
The HOX genes, belonging to homeobox superfamily, share a highly conserved 61-amino acids homeobox domain and are essential in embryonic development. In mammals, HOX gene family consists of four clusters (HOXA, B, C and D) and 39 members in total (1) (2) (3) . HOX proteins function as monomers or homodimers to directly regulate the transcription of downstream targets, controlling multiple functions including apoptosis, differentiation, cell motility and angiogenesis (4) (5) (6) (7) (8) . In particular, HOXB9 as a member of HOX B genes cluster has been reported to function in the specification of thoracic skeletal elements and mammary gland development (9, 10) . Chen et al reported that in response to pregnancy, HOXB9 together with HOXA9 and HOXD9 triple-mutant female mice showed defective expansion and differentiation of the mammary gland ductal system, causing failure in the production of milk (10) .
In addition to its crucial roles in development, HOXB9 was also found to be deeply involved in numerous human cancers. HOXB9 was reported to be frequently overexpressed in invasive human breast cancer, and promotes epithelial to mesenchymal transition (EMT) (6, 11, 12) . Moreover, upregulation of HOXB9 in lung adenocarcinoma patients predicts poor outcomes (13) . However, decreased expression of HOXB9 showed poor overall survival in colon adenocarcinoma, pancreatic ductal adenocarcinoma or gastric carcinoma patients, displaying an opposite role in cancer progression (14) (15) (16) (17) . The diverse roles of HOXB9 in different cancer types suggest that the mechanism underlying HOXB9 in cancer progression remains complicated. Furthermore, it remains unclear how HOXB9 itself is being precisely regulated during cancer progression. It has been reported that activator E2F3 and repressor BMI1/PRC1 can mediate the expression of HOXB9 in Hodgkin lymphoma cell line (18) . HOXB9 is also a direct transcriptional target of the Wnt/TCF4 pathway in lung cancer (19) . In breast cancer, E2F1 was found to bind to the upstream reg-ulatory elements of HOXB9 to form an E2F1-HOXB9 circuit to regulate breast cancer progression (20) . Moreover, FAT10, an ubiquitin-like protein is able to regulate HOXB9 expression through the ␤-catenin/TCF4 pathway in hepatocellular carcinoma (21) . However, these opposite roles of HOXB9 may not simply be explained by the protein level of HOXB9 in cells. Other mechanisms for the role of HOXB9 might be existed. So far, there is no report about the posttranslational modifications (PTMs) on HOXB9 regulation.
Protein acetylation was firstly found in histone lysine residues. Acetylation in histones was found to mainly regulate gene transcription (22, 23) . Non-histone protein acetylation, such as p53, STAT3 and EZH2, also have been reported to play important roles in diverse physiological processes (24) (25) (26) (27) (28) . In this report, we demonstrated that HOXB9 interacts with and is acetylated by acetyltransferase p300/CBP-associated factor (PCAF). As an alternative mechanism we found that acetylated HOXB9 decreased its ability in promotion of lung cancer progression by directly regulating JMJD6 gene expression.
MATERIALS AND METHODS

Cell culture and inhibitors
The human embryonic kidney cell line HEK-293T and human lung adenocarcinoma cell line H1299 were cultured in DMEM and RPMI1640 respectively, supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin at 37
• C with 5% (v/v) CO 2 . The HDAC inhibitor TSA and class III sirtuin (SIRT) inhibitor nicotinamide were all purchased from Sigma.
Constructs and antibodies
To generate the FLAG tagged HOXB9, the sequence of full-length HOXB9 cDNA was amplified by PCR and subcloned into 3×FLAG vector (Sigma). The FLAG-HOXB9 and MBP-HOXB9 mutants were generated by the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The following antibodies used in the experiments: Acetylated-Lysine and PCAF (Cell Signaling Technology; Catalogue #9441 and #3378, respectively), HOXB9 and JMJD6 (Santa Cruz; sc-398500, sc-133671 and sc-28348 respectively), SIRT1 and SIRT2 (abcam). FLAG and HA (Sigma F1804 and H3663). The rabbit polyclonal antibodies recognizing the acetylated HOXB9 K27 were produced with a synthetic acetylated peptide: ERIK-TPP(AcK)RPGGRR (Kang Wei Shi Ji, Beijing, China).
Co-immunoprecipitation and GST pull-down assays
Cells were lysed in NP40 buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 10 mM sodium butyrate) containing protease inhibitors for Coimmunoprecipitation and Western blot analysis. For the GST pull-down assays, the cellular supernatants were precleared with Glutathione-Sepharose 4B beads (GE Healthcare), and incubated with beads containing GST fusion proteins. The pull down complex were boiled in SDS-PAGE loading buffer and analysised by Western blot.
In vitro acetylation assay
The in vitro acetylation assay was performed from the method published previously (27) .
Cell proliferation, migration and invasion assays.
Cell proliferation: Cell proliferation was performed using the CellTiter 96 ® AQueous One Solution Cell Proliferation Assay according to manufacturer's instructions (Promega). Cells were plated in 96-well plates at a density of 1000 cells per well. 10 l CellTiter 96 ® AQueous One Solution Reagent (Promega) was added to the cells per well, and incubated for 1 h at 37
• C. Then the reaction mixture was measured in a microplate reader at 490 nm.
Cell migration and invasion assays: Cell suspension containing 1 × 10 5 cells/ml was added into the upper surface of the wells. The lower wells contains 20% (v/v) FBS. After 6 h migration at 37
• C, the migrated cells through the inserts were fixed with 4% formaldehyde and stained by crystal violet. The invasion assay was performed by adding cells into the inside of each insert coated with Matrigel and incubating for 48 h. Then the cells that invaded to the lower surface of the wells were fixed, stained by crystal violet and counted.
In vivo xenograft tumor growth experiments
Balb/c nude mice was injected subcutaneously into the flank with 1 × 10 6 H1299 stable cells. Tumor sizes were measured at the indicated time. After 25 days when the tumor reached to approximately 1 cm in diameter, the tumors were dissected, and the weight of tumors were measured.
Real-time RT-PCR
Total RNA was isolated from cells using Trizol reagent (Invitrogen). Two-step real-time polymerase chain reaction (PCR) was performed using the SYBR Green dye (Roche) and a LightCycler ® 96 detection system (Roche) according to manufacturer's instructions. Primers used were designed as follows: JMJD6 forward primer, 5 -AAA CTTTTGGAAGACTACAAGGTGC-3 ; JMJD6 reverse p rimer, 5 -CCCAGAGGGTCGATGTGAATC-3 ; HOXB9 forward primer, 5 -CCATTTCTGGGACGCTTAGCA-3 ; HOXB9 reverse primer, 5 -TGTAAGGGTGGTAGACG GACG-3 . All mRNAs were normalized to expression of GAPDH gene found in the same sample.
Chromatin immunoprecipitation (ChIP) assay
The stable H1299 cells were crosslinked with 1% formaldehyde and subjected to chromatin immunoprecipitation (ChIP) assays as described before (27) . The ChIP DNA complex were extracted and purified by DNA purification kit. Then the purified DNA was subjected to real-time RT-PCR using the specific primers listed: JMJD6 promoter 5 -GGTCACTTCTTGGCAGGGTCT-3 (forward) and 5 -TGAGGTCAGGAGCGGATGTC-3 (reverse).
Tumor tissues
The tissue specimens of lung adenocarcinomas patients were obtained from the Department of Thoracic Surgery Sino-Japan Friendship Hospital, Beijing China (with Permit Number: ZRLW-5 and ZRLW-7). Tissue specimens were sectioned at the Department of Pathology Peking University Health Science Center, Beijing, China.
Immunohistochemical staining
Tissue sections were deparaffinized and rehydrated gradually. Antigen retrieval was performed in 10 mM sodium citrate buffer (pH 6.0) for 15 min. To quench endogenous peroxidases, the sections were incubated in 3% H 2 O 2 for 30 min. After incubating with primary antibody at 4
• C overnight, the PV6001 2-step plus Poly-HRP antirabbit IgG detection system (Zhong Shan Jin Qiao, Beijing, China) was applied. The detection was performed by streptavidin-biotin-peroxidase method. The lung cancer patient tissue sections were immunohistochemically stained by the anti-AcK27-HOXB9 specific antibody. Criteria for immunohistochemical staining were classified into four groups based on HOXB9 acetylation staining level: low staining marked as 1+, faint staining as 2+, moderate staining as 3+, and strong staining as 4+. We defined that 3+ and 4+ reactivities are high expression and the other two staining level are low expression.
Statistical analysis
Data were presented as mean ± SEM. For a single comparison of two groups, Student's t-test was applied. P < 0.05 was considered statistically significant. Survival analyses were performed using Kaplan-Meier analysis and log-rank tests.
RESULTS
The acetyltransferase PCAF acetylates HOXB9 both in vitro and in vivo HOXB9 was reported to function importantly in various tumors (6, 12, 14, 29) . However, there are few reports about how HOXB9 was regulated, and there was no report about the relationship between HOXB9 and posttranslational modification (PTM). In an attempt to identify HOXB9 PTM, we found that HOXB9 is an acetylated protein in living cells. In detail, we firstly performed a co-immunoprecipitation with an anti-acetylated-lysine antibody in human lung adenocarcinoma H1299 cells, which were transfected with FLAG-HOXB9 expression vector. Interestingly, HOXB9 in the immunoprecipitation complex was found to be an acetylated protein ( Figure 1A) . Furthermore, acetylation of HOXB9 is detected after ectopic expression of acetyltransferase PCAF, but not other acetyltransferases including CBP, p300 and hMOF (Figure 1B) . To exclude possible involvement of other acetylated proteins, we expressed HOXB9 and PCAF in Escherichia coli by fusion them with maltose-binding protein (MBP) or glutothione-S-transferase (GST) separately. We then performed in vitro acetylation assays using purified MBP tagged HOXB9 and GST tagged PCAF acetyltransferase catalytic HAT domain. Results showed that HOXB9 was indeed acetylated in vitro by PCAF, but not by the MBP tag ( Figure 1C ). In addition, when we performed in vitro acetylation assays using purified GST tagged HOXB9 and GST tagged PCAF acetyltransferase catalytic HAT domain, we found that HOXB9 was indeed acetylated in vitro by PCAF, but not by the GST tag (Supplementary Figure  S1A) . Taken together, we pinpointed for the first time that HOXB9 is able to be acetylated by PCAF, representing a paradigm that HOXB9 can be post-translationally modified.
HOXB9 interacts with PCAF both in vitro and in vivo
Given that PCAF acetylates HOXB9 we wondered that whether HOXB9 interacts with PCAF. To this end, we performed a co-immunoprecipitation assay. We found that HOXB9 was co-immunoprecipitated endogenously by PCAF in human lung adenocarcinoma H1299 and A549 cells ( Figure 2A and Supplementary Figure S1B ), indicating that HOXB9 interacts with PCAF in living cells. Reciprocally, PCAF was also co-immunoprecipitated by FLAG-HOXB9 in H1299 cells ( Figure 2B ). Furthermore, exogenously expressed HOXB9 and PCAF were able to be coimmunoprecipitated by each other using different tag antibodies ( Figure 2C and D). These results clearly indicated that there is an interaction between HOXB9 and PCAF both endogenously and exogenously in living cells. To determine the binding regions between HOXB9 and PCAF, we first constructed and expressed three GST-fusion proteins from E. coli that contain HOXB9 full-length (1-250), the N-terminal (1-184) and homeobox (185-250) domains separately. GST pull-down assays showed that PCAF mainly interacts with the full-length protein and the N-terminal domain of HOXB9, although there exited a weak interaction between PCAF and the homeobox domain of HOXB9 ( Figure 2E ). We then constructed and expressed four GSTfusion proteins from E.coli that contain the N-terminal, HAT, ADA and BROMO domains of PCAF. The following GST pull-down assay showed that HOXB9 interacts with the N-terminal, HAT and ADA domains of PCAF but not the BROMO domain ( Figure 2F ). Furthermore, immunofluorescence staining showed that HOXB9 and PCAF are able to colocalize in the nucleus ( Figure 2G ). Thereby, these data demonstrated that HOXB9 interacts with PCAF both in vitro and in vivo.
HOXB9 is acetylated at residue K27 by PCAF
Given that PCAF interacts with and acetylates HOXB9 both in vivo and in vitro, we therefore wanted to identify the acetylation sites of HOXB9. To this end, we cotransfected FLAG-HOXB9 with FLAG-PCAF expression vectors, followed by co-immunoprecipitation. Then we performed SDS-PAGE, the bands containing FLAG-HOXB9 were taken out and analyzed by LC-MS/MS. Interestingly, we found that five lysines (K27, K117, K159, K167 and K202) of HOXB9 were acetylated in the cells ( Figure 3A) . Next, we replaced the five acetylated lysines with arginines by mutagenesis and generated five mutants with change of K to R (mimics of acetylation-deficient HOXB9). We then co-transfected different HOXB9 mutants with FLAG-PCAF into the HEK-293T cells and found that only mutant K27R significantly reduced the acetylation level of HOXB9 compared to that of the wild type (WT) HOXB9 (Figure The in vitro acetylation assays were performed by using MBP, MBP-fusion proteins of HOXB9, and various amounts GST-fusion PCAF HAT domain. Then the reaction mixtures were subjected to SDS-PAGE, and followed by immunoblotting with the AcK Ab. The purified MBP and GST tagged fusion proteins were stained by Coomassie blue. Arrows showed the correct molecular masses of the indicated proteins. 3B), suggesting that K27 is the major acetylation site of HOXB9 by PCAF.
To examine whether K27 of HOXB9 can be acetylated in vivo, we generated a rabbit polyclonal antibody that is specific to the acetylated K27. The specificity of the AcK27-HOXB9 antibody was verified by its ability to recognize the acetylated, but not unacetylated HOXB9 peptides ( Figure 3C ). Furthermore, the AcK27-HOXB9 antibody recognized ectopically expressed WT-HOXB9, but not the K27R acetylation-deficient mutant ( Figure 3D ). In a clean in vitro system, purified MBP-tagged HOXB9-WT and K27R mutants were used for in vitro acetylation assays which were mixed with GST-PCAF-HAT. Convincingly, the AcK27-HOXB9 antibody was found to recognize WT-HOXB9 only, but not the K27R mutant ( Figure 3E ). These data strongly demonstrated that the AcK27-HOXB9 antibody is specific for the recognition of HOXB9 acetylation at K27 both in vivo and in vitro. Next, in order to investigate the conservation of HOXB9-K27 among other species during evolution, we compared the amino acid sequence of HOXB9 aligned with other seven species. Interestingly, we found that HOXB9-K27 is highly conserved in multiple species ( Figure 3F ), suggesting that HOXB9-K27 in other species might be acetylated by PCAF as well. Moreover, when we knocked down endogenous PCAF with small interfering RNA (siRNA) in H1299 cells, we found that the acetylation level of HOXB9 in PCAF depleted cells was decreased compared to the control cells, indicating that PCAF is indeed responsible for HOXB9 acetylation ( Figure 3G) . Moreover, the immunohistochemical staining by AcK27-HOXB9 antibody in mouse tissues indicated that HOXB9 acetylation existed in multiple mouse tissues including lung, brain, kidney, uterus and ovary, but not in lymph node ( Figure 3H and Supplementary Figure S2) , suggesting that HOXB9 acetylation may function physiologically. Collectively, these findings demonstrated that K27 is the major acetylation site of HOXB9 and is conserved during the evolution.
SIRT1 deacetylates and interacts with HOXB9
It was known that the protein acetylation and deacetylation are a balanced process. In order to identify the deacetylases that are responsible for HOXB9 deacetylation, we applied TSA, the class I and II histone deacetylase (HDAC) inhibitor, and nicotinamide, the class III sirtuin (SIRT) inhibitor. Treatment of cells with SIRT inhibitor nicotinamide, but not HDAC inhibitor TSA, the HOXB9 acetylation level was found significantly raised ( Figure 4A ). This suggested that SIRT family members may be preferentially involved in HOXB9 deacetylation. Then we co-expressed HOXB9 with HDAC members including HDAC1, HDAC2, HDAC3 and SIRT members including SIRT1 and SIRT2 deacetylases in H1299 cells. Interestingly, we found that only SIRT1, but not other deacetylases remarkably decreased HOXB9 acetylation ( Figure 4B ). Furthermore, nicotinamide was found to be able to reverse HOXB9 acetylation under SIRT1 overexpression ( Figure 4C ). In contrast, the acetylation level of HOXB9 was drastically increased when endogenous SIRT1 was knocked down with SIRT1 Co-immunoprecipitation assays were performed using lysates from H1299 cells with control IgG or anti-PCAF antibody, followed by immunoblotting with an anti-HOXB9 antibody (A). HEK-293T cells were transfected with FLAG-HOXB9 expression vector. Lysates were co-immunoprecipitated by an anti-FLAG antibody, followed by was immunoblotting with an anti-PCAF antibody (B). GFP-PCAF and FLAG-HOXB9 expression vectors were co-transfected into HEK-293T cells, immunoprecipitated with a FLAG antibody, and detected with indicated antibodies (C). HEK-293T cells were transfected with FLAG-PCAF and GFP-HOXB9 expression vectors, immunoprecipitated with FLAG antibody, followed by immunoblotting with indicated antibodies (D). (E) Upper panel: A schematic diagram of HOXB9 domains. Bottom panels: GST pull-down assays were performed using HEK-293T cells lysates transfected with FLAG-PCAF expression vector. Different GST tagged proteins were purified and incubated with cell lysates. Glutathione beads were added into the complex, and the bound mixture was subjected to SDS-PAGE, followed by immunoblotting with an anti-FLAG antibody. The purified GST-HOXB9 fusion proteins were shown by Coomassie blue staining. Arrows indicated the correct molecular masses of corresponding proteins. (F) Upper panel: A schematic diagram of PCAF domains. Bottom panels: HEK-293T cell lysates transfected with FLAG-HOXB9 expression vector were used in GST pull-down assays. The pulled down protein mixture was subjected to SDS-PAGE, followed by immunoblotting with an anti-FLAG antibody. The purified GST-PCAF fusion proteins were detected by Coomassie blue staining. Arrows indicated the correct molecular masses of corresponding proteins. (G) HOXB9 colocalized with PCAF in cell nuclei. H1299 cells were transfected with FLAG-PCAF expression vector, and stained with an anti-HOXB9 mab (green) and an anti-FLAG pab (red). Nuclei were stained with DAPI (blue), followed by visualization with confocal microscopy. Scale bars: 10 m. Arrows showed the colocalized region. . H1299 cells were co-transfected with FLAG-HOXB9 and FLAG-SIRT1 expression vectors, then treated with 5 mM nicotinamide for 12 h, Western blot analysis was performed with the indicated antibodies (C). H1299 cells were co-transfected with FLAG-HOXB9 and FLAG-PCAF expression vectors together with small interfering RNA (siRNA) against SIRT1 or SIRT2. Cell lysates were subjected to Western blot analysis using the anti-AcK27-HOXB9 antibody (D). (E and F) HOXB9 interacts with SIRT1 in vivo. H1299 cells were transfected with FLAG-HOXB9 expression vector. The cell lysates were co-immunoprecipitated with anti-FLAG antibody, followed by Western blot analysis with the indicated antibodies (E). Left panel: A schematic diagram of SIRT1 domains. Right panels: HEK-293T cells were transfected with FLAG-HOXB9 expression vector. The cell lysates were incubated with different GST-fusion domains of SIRT1 respectively. GST pull-down mixture was subjected to Western blot analysis with an anti-FLAG antibody Arrows indicate the correct molecular masses (F). (G) HOXB9 was colocalized with SIRT1. H1299 cells were transfected with FLAG-HOXB9 expression vector. Then anti-SIRT1 (green) and anti-FLAG (red) antibodies were applied for immunofluorescent staining. Nuclei were stained with DAPI (blue), and were visualized by confocal microscopy. Scale bars: 10 m. Arrows showed the colocalized region. small interfering RNA (siRNA), but not SIRT2 siRNA ( Figure 4D ). These data clearly indicated that HOXB9-K27 acetylation is deacetylated by SIRT1. To examine whether SIRT1 interacts with HOXB9 we performed a coimmunoprecipitation assay. Interestingly, SIRT1 was found to be co-immunoprecipitated by HOXB9 in human lung adenocarcinoma H1299 and A549 cells ( Figure 4E and Supplementary Figure S1C ). To map which domain of SIRT1 binds to HOXB9, we constructed and purified three GST tagged SIRT1 from E. coli (Figure 4F left) . The following GST pull-down assay showed that HOXB9 interacts with mainly the N-terminal (1-253) domain of SIRT1, but not other domains (Figure 4F right) . In addition, HOXB9 and SIRT1 were also found to be colocalized in the nucleus ( Figure 4G ). Therefore, we pinpointed out that SIRT1 is a HOXB9-interacting protein that deacetylates HOXB9, suggesting that the acetylation of HOXB9 is a dynamic and tightly regulated process in living cells.
Acetylation of HOXB9 suppresses lung cancer cell migration and xenografted tumor growth
To further explore the physiological function of HOXB9 acetylation, we investigated the effect of HOXB9-K27 acetylation on lung cancer cell migration and tumor growth in mice. We first established H1299 cells stably expressing FLAG tagged HOXB9-WT, HOXB9-K27R and HOXB9-K27Q (a mimic of hyperacetylated HOXB9) separately ( Figure 5A ). Consistent with the previous report (13) , overexpressed HOXB9-WT caused a significant increase of H1299 cell migration and invasion. Cells expressing HOXB9-K27R notably promoted lung cancer cell migration and invasion compared to the HOXB9-WT, whereas expression of HOXB9-K27Q decreased these abilities compared to the HOXB9-WT ( Figure 5B and C) . To examine the role of HOXB9 acetylation in tumor growth, we performed mouse xenograft assays using the H1299 stable cell lines expressing HOXB9-WT, HOXB9-K27R or HOXB9-K27Q. As shown in Figure 5D -F, cells expressing acetylation-deficient mutant HOXB9-K27R displayed a faster tumor growth rate and larger tumor volumes than that of the HOXB9-WT. However, cells expressing the hyperacetylated mutant HOXB9-K27Q displayed a slower tumor growth rate and smaller tumor volumes than that of the HOXB9-WT. Taken together, these results strongly suggested that acetylation at K27 of HOXB9 suppresses lung cancer cell migration and tumor growth in mice.
Acetylation-deficient HOXB9-K27 mutant promotes JMJD6 transcription
To uncover the molecular mechanism underlying acetylated HOXB9 regulation on cell migration and tumor growth, we examined the gene expression profiles using H1299 stably cells expressing HOXB9-K27R, HOXB9-WT or empty vector. The genes from microarray analyses that change in HOXB9-WT when compared to Vector, are thought to be regulated by HOXB9, and the genes that change in HOXB9-K27R when compared to HOXB9-WT, are thought to be regulated by HOXB9 acetylation ( Figure 6B) . Therefore, the 729 overlapping genes (fold >1.5) we selected from the microarray analyses are thought to be regulated by both HOXB9 and its acetylation ( Figure 6A) . We have performed the KEGG enrichment analysis in the 729 overlapping genes. We found that HOXB9 acetylation was involved in many pathways, including PPAR signaling pathway, Calcium signaling pathway, Cell adhesion molecules (CAMs) and Glycosaminoglycan biosynthesisheparan sulfate/heparin, etc. (Supplementary Figure S3A) . We thus reasoned the genes that are transcriptionally activated (155 genes) or downregulated (53 genes) in the combo of HOXB9-K27R, HOXB9-WT and empty vector are likely targets of HOXB9-K27 acetylation ( Figure 6B ). Among the 208 upregulated or downregulated overlapping genes, JMJD6 was noted to act as a histone arginine demethylase and a lysyl-hydroxylase (30, 31) . JMJD6 has been reported upregulated in multiple cancers, including lung adenocarcinoma, breast ductal carcinoma, and colon adenocarcinoma (31) (32) (33) . We thus selected JMJD6 as an example to scrutinize the transcriptional mechanism of HOXB9 acetylation. To this end, we performed a real-time RT-PCR to validate the microarray data. Consistently, we found that the expression of JMJD6 was upregulated by HOXB9, and the expression level was increased further by the presence of HOXB9-K27 acetylation-deficient mutant ( Figure  6C) . Western blot analysis also demonstrated that JMJD6 was upregulated by the expression of HOXB9-K27R mutant compared to that of the wild type HOXB9 ( Figure  6D ). In addition, we analyzed the correlation of HOXB9 and JMJD6 expression in 40 lung adenocarcinomas patient samples in GEO datasets and found a positive correlation between HOXB9 and JMJD6 mRNA expression levels (GDS3627, R = 0.4554, P = 0.0032) ( Figure 6E ). To investigate whether JMJD6 is a direct target gene of HOXB9, we performed ChIP assays. ChIP results showed that HOXB9 binds to the promoter of JMJD6. Furthermore, HOXB9 acetylation-deficient mutant K27R displayed an enhanced binding ability to the JMJD6 promoter compared to that of the wild type ( Figure 6F ). In contrast, HOXB9-WT and K27R mutant was not found at the promoter of the Actb gene. Thus, the Actb gene was used as a negative control indicating that the ChIP assay is site-specific ( Figure  6F ). These data suggested that JMJD6 is a direct target of HOXB9. Functionally, we found that HOXB9 acetylationdeficient mutant K27R showed a stronger ability in promoting H1299 cell growth compared to that of the wild type ( Figure 6H ). Under the depletion of JMJD6 by RNAi, JMJD6 was found to be required for H1299 cell growth promoted by HOXB9 acetylation-deficient mutant K27R (Figure 6G and H) . In addition, HOXB9 affects not only the transcription of JMJD6, but also other oncogenic proteins, including MMP1 and ZEB2 included in our microarray data, which were also validated by real-time RT-PCR (Supplementary Figure S3B ). Therefore, JMJD6 is an important downstream effector that mediates HOXB9 and acetylated HOXB9 regulated lung cancer progression.
Elevated K27 acetylation of HOXB9 predicts a favorable survival in lung adenocarcinoma patients
Given that the acetylation-deficient HOXB9-K27 mutant promotes lung cancer cell migration and tumor growth The effect of HOXB9 acetylation on H1299 cell migration was determined. Data were presented as mean ± SEM from three independent experiments. The statistical analyses were performed by Student's t-test, * for P<0.05. Representative images of the stable H1299 cell migration were shown at the bottom panel. (C) The effect of HOXB9 acetylation on H1299 cell invasion was assayed. Data were presented as mean ± SEM from three independent experiments. The statistical analyses were performed by Student's t-test, * for P<0.05, ** for P < 0.01. Representative images of stable H1299 cell invasion on Matrigel were shown at the bottom panel. (D-F) Unacetylated HOXB9 promotes tumor growth in nude mice. Mice were injected with stable H1299 cells and the control cells. Tumor growths in xenografted nude mice were measured and plotted (D). The xenograft tumors were dissected and photographed at day 25 (E). Average tumor weights were measured at day 25 (F), the statistical analyses were performed by Student's t-test, ** for P < 0.01. in mice as shown above it is tempting to know whether HOXB9-K27 acetylation exists differentially in lung adenocarcinoma patients. To this end, we examined the levels of HOXB9-K27 acetylation in a cohort of 75 lung adenocarcinoma patients analyzed by immunohistochemistry using the anti-AcK27-HOXB9 specific antibody. Interestingly, we found that the level of HOXB9 acetylation correlated significantly with the outcome of lung adenocarcinoma patients, and the patients with elevated HOXB9 K27 acetylation had a better overall survival than those who displayed lower acetylation of HOXB9-K27 ( Figure 7A ). Further, higher level of HOXB9 acetylation correlated significantly with smaller tumor size, less lymph node metastasis and AJCC category (Figure 7B-D) . In the same cohort of lung adenocarcinoma patients, we also examined the protein levels of JMJD6. Consistent with the previous reports (32), the protein level of JMJD6 was higher in lung adenocarcinomas than the normal lung tissues ( Figure 7E and F) , and patients with elevated JMJD6 levels had a poor overall survival ( Figure 7G ), supporting that JMJD6 indeed acts as an oncogenic protein. Given that JMJD6 is a target gene for HOXB9 acetylation, we then examined the correlation between acetylated HOXB9 and JMJD6 in lung adenocarcinoma patients. As a paradigm, a negative correlation between acetylated HOXB9 and JMJD6 was indeed identified in representative images of patient samples stained by immunohistochemistry using the anti-AcK27-HOXB9 specific antibody and JMJD6 antibody ( Figure 7H and I) . Collectively, these findings firmly suggested that HOXB9 acetylation level may be of prognostic value for lung adenocarcinoma patients, in which elevated HOXB9 acetylation may predict a favorable outcome for the patients.
DISCUSSION
In this study, we provided evidence that homeobox superfamily member HOXB9 is an acetylated protein, for the first time demonstrating that HOXB9 is able to be post-translationally modified. Moreover, we identified that acetyltransferase PCAF acetylates and interacts with HOXB9 both in vitro and in vivo. Acetylation is a dynamic process and can be reversed by specific deacetylases, we then continued to pinpoint that SIRT1 is the deacetylase that deacetylates HOXB9. Furthermore, using LC-MS/MS and mutation techniques, we showed that K27 is the main acetylation site of HOXB9, a site that is able to be acetylated in multiple normal tissues and tumors.
HOXB9 was reported to play different roles in cancer progression. It was known that HOXB9 functions as a tumor promoting gene in lung and breast cancers (11, 13) . However, it was also found that HOXB9 plays a tumor suppressive role in colon, gastric and pancreatic cancers (14, 16, 17) . The diverse roles of HOXB9 in different cancer types suggest that the functions of HOXB9 are complex. For example, the acetylation at K27 of HOXB9 inhibited the function of HOXB9 in promoting lung cancer cell migration and tumor growth as we reported here. These findings hinted that the differential post-translational modifications (PTMs) of HOXB9 may be involved in specific biological functions. The dynamic balance of HOXB9 acetylation and deacetylation seems to indicate that HOXB9 acetylation is tightly regulated. Thereby the acetylation of HOXB9 may represent an important mode underlying HOXB9 precise control of target gene expression in physiological and pathological processes. In addition, we also observed that the acetylation level of HOXB9 have no correlation with HOXB9 protein stability (data not shown). To elucidate the reason why HOXB9 acetylation attenuates its function, we performed a microarray-based gene expression analysis and found that there are 729 overlapping genes (fold >1.5) that are coregulated by HOXB9 and acetylated HOXB9. It is very important to identify the target genes of HOXB9 and acetylated HOXB9 because HOXB9 is known to play different roles in tumor progression, but the mechanism is still unclear until now.
The microarray gene expression profiling analyses indicated that the Jumonji domain-containing 6 (JMJD6) was coregulated by HOXB9 and HOXB9-K27 acetylation mutant. JMJD6 was found to be upregulated by HOXB9, and was further increased by HOXB9-K27 acetylation mutant. JMJD6 belongs to the family of the Jumonji C domaincontaining proteins, which have been characterized as histone demethylases (34) . JMJD6 was reported to function in lysyl hydroxylation, RNA splicing, and chromatin remodeling (30, (35) (36) (37) (38) . However, there were conflicting reports about this function of JMJD6 in catalysing N-methylarginine residue demethylation on the N-terminus of the human histones H3 and H4. The direct role of JMJD6 in N-methyl-arginine demethylation was not clearly validated, because of the selectivity of the antibodies used in living cells has not been fully defined (39) . Moreover, JMJD6 was found to be involved in multiple cancers including lung adenocarcinoma, breast ductal carcinoma, and colon adenocarcinoma (31) (32) (33) . JMJD6 catalyzes the hydroxylation of p53 to regulate colon cancer progression (31) . Recently, JMJD6 was reported to regulate Aire expression, which is critical for the establishment of immunological selftolerance in the thymus (40) . However, how JMJD6 is regulated remains elusive. In support of our findings we analyzed the GEO datasets and identified a positive correlation between HOXB9 and JMJD6 expression. In ChIP assays we pointed out that JMJD6 is an important downstream target of HOXB9 by showing that HOXB9 binds directly to the promoter of JMJD6. Intriguingly, acetylation deficient mutant K27R enhanced the HOXB9 binding ability compared to the wild type HOXB9 (Figure 6 ). Direct targeting to JMJD6 transcription well explained the mechanism accounting for the suppression of lung cancer cell migration and tumor growth by HOXB9 acetylation at K27. However, it is also necessary to search for other HOXB9 acetylation target genes except JMJD6 to answer the diverse roles of HOXB9 in embryonic development and cancers in future investigations.
Lung adenocarcinoma is the most common cancer type and is the leading cause of cancer death during recent decades (41, 42) . Many studies have indicated that some pathological parameters, such as tumor-positive lymph nodes and tumor size are of prognostic value for lung adenocarcinoma patients (43) . However, there are no reliable factors that predict the progression of lung adenocarcinoma. Previous report had demonstrated that HOXB9 is upregulated in lung adenocarcinomas but not in the normal Nucleic Acids Research, 2016, Vol. 44, No. 22 10673 Figure 7 . Elevated HOXB9-K27 acetylation is associated with longer overall survival in lung adenocarcinoma patients. (A) Immunohistochemical analysis for lung adenocarcinoma was performed using the anti-AcK27-HOXB9 antibody, and Kaplan-Meier analysis was performed in two groups of lung adenocarcinoma patients with strong staining (3+ and 4+) and weak staining (1+ and 2+) for HOXB9-K27 acetylation, with a log-rank at P = 0.0081. lung tissues (13) . For clinical relevance, we found that the lung adenocarcinoma patients expressing elevated HOXB9-K27 acetylation had a better overall survival. Moreover, higher HOXB9 acetylation level obviously correlated with smaller tumor size and less lymph node metastasis, suggesting that the status of HOXB9-K27 acetylation is involved in the regulation of tumor progression. For the interrelationship of HOXB9-K27 acetylation with JMJD6 in lung adenocarcinomas, we identified a reciprocal correlation for the two by demonstrating that the expression of JMJD6 is higher and the level of HOXB9-K27 acetylation is lower in the representative patients (Figure 7) . Therefore, these results indicated that the status of HOXB9 acetylation is of prognostic value for lung adenocarcinoma patients.
In summary, in the present investigation we identified the first PTM of homeobox transcriptional factor HOXB9. We demonstrated that HOXB9 is acetylated by PCAF at K27 and is deacetylated by SIRT1. High acetylation of HOXB9 in lung adenocarcinomas correlates with a favorable outcome for the patients. However, the generic role of HOXB9 acetylation in vivo might be investigated using models such as HOXB9-K27R (or Q) knock-in and HOXB9-K27R (or Q) transgenic mice in the future works. Whether there are any other PTMs including phosphorylation, methylation or ubiquitination except acetylation in HOXB9 protein remains an open question. It is tempting to uncover the mutual modulations between HOXB9 acetylation and other possible PTMs.
